We use ab initio spin-density-functional calculations to study the equilibrium structure and magnetic properties of Tc n @C 60 endohedral metalofullerenes. We find that C 60 can endohedrally accommodate Tc n clusters with up to n = 7 atoms, even though the encapsulation process becomes increasingly endothermic beyond n = 4. The encapsulation does not change significantly the structure of the enclosed clusters, but reduces the magnetic moment due to a stronger Tc-C hybridization for the larger clusters.
I. INTRODUCTION
Endohedral metalofullerenes ͑EMFs͒, which consist of fullerene cages encapsulating metal atoms ͑M@C 2n ͒, were identified 1 and isolated 2 shortly after the discovery of carbon fullerenes. 3 Owing to their unique magnetic, electrical, and optical properties, EMFs are considered a promising class of nanostructures for materials and biomedical applications. 2, [4] [5] [6] [7] [8] [9] In particular, radionuclide-filled EMFs have emerged in recent years as potentially valuable in vivo contrast agents and therapeutic radiopharmaceuticals, since they prevent undesired toxicity stemming from radionuclides catabolized by the host biological system. [10] [11] [12] [13] [14] Radionuclide-filled EMFs possessing a net magnetic moment may be transported throughout the body using a weak inhomogeneous magnetic field, thus, allowing effective targeting of a tissue by the radiopharmaceuticals. 15 In combination with the cytotoxic radiation dose delivered by the encapsulated radiometal, EMFs containing small clusters may also be used for therapy by hyperthermic killing of cancer cells, in analogy to gold nanoparticles. 16 An additional application of fullerene cages is to serve as nanocontainers of radioactive isotopes for nuclear waste disposal 17 owing to their unusually high thermal and mechanical stability that makes them resilient to radiation stemming from nuclear decay processes. 18 The self-healing properties of fullerenes can also be regarded as beneficial in the event of a partial rupture of the carbon cage. Recent experimental findings have shown that radioactive nuclides as heavy as 238 U or 210 Po can be encapsulated into C 60 cages using standard arc/laser-induced vaporization methods 19 or nuclear recoil implantation techniques. 13 In this paper, we report ab initio calculations of the equilibrium structure, stability, and magnetic properties of Tc n @C 60 isomers using density-functional theory ͑DFT͒. In particular, we assess the possibility of confining more than one Tc atom inside the fullerene cavity by calculating the encapsulation energy of Tc n aggregates. We also map out the evolution of the total magnetic moment of Tc n clusters upon encapsulation and the changing degree of Tc-C hybridization with increasing cluster size.
In comparison with other transition-metal elements of group VIIB, information on subnanometer Tc clusters is scarce. [20] [21] [22] [23] [24] Reported ab initio results 23 for Tc n clusters with up to n = 5 atoms may be of questionable quality, since the reported ͓Kr͔4d 6 5s 1 ground-state electronic configuration of the isolated Tc atom corresponds in reality to the lowest energy multiplet of the first excited state. 25 Despite the plethora of radionuclide-filled EMFs that have been either predicted or actually synthesized, to the best of our knowledge no metalofullerenes containing technetium atoms have been reported so far. This appears particularly surprising in light of the importance of technetium in the fields of nuclear waste management and nuclear medicine. Although technetium possesses no stable isotopes, its longlived ␤ − -emitting isotope, 99 Tc ͑t 1/2 = 2.13ϫ 10 5 years, ␤ − = 294 keV͒, is produced in sizable amounts from the nuclear fuel cycle ͑up to 6% fission yield͒ and constitutes an important challenge for environmental remediation. 26, 27 Additionally, 99m Tc, its short-lived ␥-emitting isotope originating from the decay of 99 Mo, is the most common isotope in diagnostic nuclear medicine ͑ca. 85% of all procedures͒ due to its optimal nuclear properties as a radioimaging agent ͑t 1/2 = 6.02 h, ␥ = 142 keV͒. [28] [29] [30] Hexagonal platelets of metallic Tc encapsulated into graphitic carbon shells were produced experimentally with a population distribution centered around 30-60 nm in diameter and 5 nm in thickness, and lattice parameters 31 of a 0 = 2.74͑5͒ Å and c 0 = 4.38͑8͒ Å, close to the values of the hexagonal-closed-packed bulk Tc structure at ambient temperature and pressure 32 ͑space group P6 3 / mmm, Z =2, a 0 = 2.7409Ϯ 0.0035 Å, and c 0 = 4.3987Ϯ 0.0034 Å͒. However, the experimental identification and characterization of possible Tc-bearing EMFs remain elusive, in part due to their low solubility and extractability, or tedious separation procedures from other cage homologs. Therefore, first-principles calculations should provide useful insights into the search for EMFs containing Tc atoms.
Details of our computational approach are given in Sec. II, followed by a discussion of our results in Sec. III. A summary of our findings and conclusions are given in Sec. IV.
II. COMPUTATIONAL METHODS
First-principles total-energy calculations were performed using the spin-polarized density-functional theory as implemented in the Vienna ab initio simulation package ͑VASP͒.
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The exchange-correlation energy was calculated using the generalized gradient approximation 34 ͑GGA͒, with the parametrizations of Perdew and Wang 35 ͑PW91͒ and Perdew, Burke, and Ernzerhof 36 ͑PBE͒. For transition-metal cluster computations, pure functionals such as the PW91 and PBE are generally preferred over hybrid functionals that appear to describe metal-metal bonds less accurately. 37, 38 In particular, the PW91 functional was found to correctly reproduce structural parameters of various Tc-containing molecules that had been characterized experimentally. 39, 40 The interaction between valence electrons and ionic cores was described by the projector augmented wave ͑PAW͒ method. 41, 42 The Tc 4p 6 5s 2 4d 5 and C 2s 2 2p 2 electrons were treated explicitly as valence electrons in the Kohn-Sham ͑KS͒ equations and the remaining cores were represented by PAW pseudopotentials. The KS equations were solved using the blocked Davidson iterative matrix diagonalization scheme followed by the residual vector minimization method. The plane-wave cutoff energy for the electronic wave functions was set at 500 eV. A supercell approach was adopted in the calculations, with a large cubic cell with an edge length of 15 Å. Negligible interactions between molecular structures in adjacent unit cells warrant the adequacy of our Brillouin zone sampling scheme by a single k point at ⌫. Geometries were optimized without symmetry constraints with the conjugate gradient method, accelerated using the Methfessel-Paxton Fermi-level smearing 43 with a Gaussian width of 0.1 eV. The total energy of the molecular system and Hellmann-Feynman forces acting on atoms were calculated with convergence tolerances set to 10 −3 eV and 0.01 eV/ Å, respectively. The analysis of the charge density of the relaxed EMF structures was carried out using the DMOL3 software. 44 
III. RESULTS AND DISCUSSION
Optimized geometries of the lowest-energy structures of free Tc n clusters ͑n =2-7͒, calculated at the GGA/PW91 level of theory, are displayed in Fig. 1 , along with their corresponding bond distances, total spin, and point group symmetry. Our calculated structures are in fair overall agreement with geometries recently predicted by nonmagnetic DFT calculations. 24 However, including the additional spin degrees of freedom leads to symmetry reduction in many clusters. Similar to other transition-metal clusters, structural Jahn-Teller-like distortions can be viewed as an attempt to restore collinearity of the spin moments. 45 The electronic ground state of the Tc dimer has a triplet configuration, with the calculated equilibrium bond length of R e = 1.84 Å. This is in line with the recent multiconfiguration second-order perturbation theory prediction 46 of a X 3 ⌺ g − electronic ground state with a strong quintuple bond ͑R e = 1.939 Å͒ for Tc 2 . This result is, however, in strong contrast with the dimer of Mn, also a group VIIB transition metal, which forms a weakly bound van der Waals complex due to its large 3d 5 4s 2 → 3d 6 4s 1 excitation energy that prevents orbital hybridization. 47 The most stable structure of Tc 3 is a triangle with C s symmetry and side lengths ranging between 2.11-2.34 Å corresponding to a sextet state. The three-dimensional cluster growth regime starts with Tc 4 , which forms a regular tetrahedron with edges of 2.41 Å in its nonet electronic ground state. Tc 5 , which possesses a quartet multiplicity in its ground state, adopts a strongly distorted pyramidal geometry with bond lengths ranging from 2.21 to 2.48 Å. This represents a noticeable departure from the D 3h trigonal bipyramidal structure predicted 24 for the lowest-lying singlet state of Tc 5 .
Tc 6 prefers a regular octahedral structure, with Tc-Tc bonds of 2.40 Å, over other possible isomers with reduced symmetries in the triplet ground state. A pentagonal bipyramid with D 5h symmetry and bond lengths of 2.32 and 2.52 Å is the lowest-energy isomer of Tc 7 that corresponds to a quartet state. The equilibrium cluster structures computed using the PBE functional are essentially identical with those obtained using PW91, with differences in corresponding bond lengths of typically less than 0.005 Å.
The equilibrium structure of the Tc n @C 60 ͑n =2-7͒ endohedral metalofullerenes and the frozen substructure of the encapsulated Tc n clusters, calculated at the GGA/PW91 level of theory, are depicted in Fig. 2 . Only minute differences were found between the equilibrium structures calculated using the PBE and PW91 functionals. For a single encapsulated Tc atom, the C 60 cage preserves its structure including icosahedral symmetry due to the weak interaction between the centrally located metal atom and the surrounding carbon atoms.
The Tc 2 @C 60 EMF adopts the C 3v symmetry as a whole, with Tc 2 oriented preferentially along a S 6 symmetry axis of the C 60 and with a Tc-Tc bond length of 1.82 Å, slightly shorter than in the isolated dimer. The structural evolution of encapsulated Tc n clusters from n =3 to n = 7 follows a growth pathway similar to Mn clusters. 48 Two Tc atoms of the encapsulated Tc 3 cluster with C s symmetry are coordinated to hexagonal rings with 6 and 3 hapticities; the third Tc atom forms a single bond with the carbon cage. Upon encapsulation, Tc 4 becomes strongly distorted, with Tc-Tc bond lengths in the range from 2.34 to 2.56 Å.
The most significant structural transformation occurs for Tc 5 , which undergoes a transition from a distorted tetragonal pyramid to a trigonal bipyramid with C s symmetry upon encapsulation. The equilibrium structure of Tc 6 @C 60 possesses a D 3d symmetry imposed by the encapsulated metal cluster, which undergoes a distortion with respect to the free Tc 6 octahedron. Tc-Tc bond lengths are also slightly elongated ͑2.48 and 2.54 Å͒ in the encapsulated Tc 6 cluster as a result of the Tc-C hybridization. The most stable structure of Tc 7 @C 60 is asymmetric, with the approximate S 5 symmetry axis of the distorted pentagonal bipyramid oriented along a pentagon-pentagon axis of the fullerene. Both apex atoms of the Tc 7 bipyramid are coordinated to pentagonal carbon rings with 5 hapticity. We found all Tc n @C 60 isomers with n Ͼ 7 to be unstable and to disintegrate spontaneously.
To identify encapsulated metalofullerenes that may form under synthesis conditions, we first define the encapsulation energy ⌬E n as the energy gain in the Tc n +C 60 → Tc n @C 60 reaction. We define
where E͑Tc n @C 60 ͒, E͑Tc n ͒, and E͑C 60 ͒ are the total energies of the Tc-containing EMFs and their constituents. The evolution of the computed encapsulation energy as a function of the cluster size is presented in Fig. 3 . Our results indicate that encapsulation energy values calculated using the PW91 and PBE energy functionals are very close. Consequently, we will use PW91 results in the following discussion. The encapsulation of a single Tc atom is slightly endothermic, with ⌬E 1 = +0.19 eV. The Tc dimer is even less likely to be encapsulated, since the positive encapsulation energy ⌬E 2 = +0.78 eV is even larger. A similar trend was reported recently 49 for the encapsulation of Fe and Fe 2 inside C 60 . The formation of Tc 3 @C 60 and Tc 4 @C 60 is predicted to be exothermic with ⌬E 3 = −0.22 eV and ⌬E 4 = −0.28 eV. This reflects the stabilization enhancement of the EMFs caused by the creation of Tc-C bonds. The encapsulation process becomes strongly endothermic beyond n = 4. We find ⌬E n Ͼ 4 eV, with a near-linear dependence of the encapsulation energy on the cluster size n. Therefore, the probability to produce Tc n @C 60 EMFs with encapsulated clusters larger than Tc 4 appears rather small from an energetic viewpoint.
In Fig. 4 we plot the total electronic magnetic moment of free Tc n clusters and of Tc n @C 60 EMFs, obtained using the PW91 and PBE functionals, as a function of the cluster size n. A nonzero magnetic moment is rather unexpected in these systems in view of the fact that Tc is nonmagnetic as bulk metal, 50 with weak paramagnetism only occurring when in contact with a system containing unpaired electrons in the highest occupied level. 51 Unlike in the free Tc n clusters, with the exception of n = 1 and n = 3, the calculated magnetic mo- ͑Color online͒ Ball-and-stick models of the equilibrium structure of Tc n @C 60 endohedral metalofullerenes ͑left͒ and the frozen substructure of the encapsulated Tc n clusters ͑right͒ calculated at the GGA/PW91 level of theory. Additional information listed includes the calculated bond distances ͑in angstrom͒ and point-group symmetry of the encapsulated clusters. ment of Tc n @C 60 EMFs is zero. The reason for the suppression of the magnetic moment in large encapsulated Tc n clusters lies in the formation of covalent bonds between Tc atoms and the C shell atoms. This is best illustrated in the chargedensity plots for various EMFs displayed in Figs. 5͑a͒-5͑c͒ .
The magnetic moment = 5.5 B of Tc@ C 60 , larger by 0.5 B than that of the free Tc atom, may be caused by small global sphere currents in the C 60 shell following the encapsulation. Such currents arise from the motion of the delocalized electrons across the entire surface of the buckminsterfullerene. 52 The calculated Hirshfeld charge of +0.24e on the encapsulated Tc atom suggests that part of its valence electrons have been transferred to the carbon host. Even though no Tc-C covalent bonds are created in Tc 2 @C 60 , a significant interaction between the dimer and the cage can be inferred due to the drastic reduction in the total magnetic moment upon encapsulation. This is further corroborated by the presence of a 0.2-0.4 e / Å 3 electron charge density found in the interstitial region between each of the Tc atoms and the hexagonal carbon rings at the poles as seen in Fig. 5͑b͒ . The computed Hirshfeld charge of +0.30e carried by the encapsulated dimer ͑+0.15e per Tc atom͒ also shows an increase in the electron charge transferred to C 60 .
Even though the net magnetic moment of Tc 3 @C 60 does not vanish, its value = 1.0 B is also reduced with respect to the free cluster due to the hybridization between Tc 4d and C 2p orbitals. The two Tc atoms of the encapsulated Tc 3 cluster that are coordinated to hexagonal rings with 6 and 3 hapticities carry the net charges of +0.12e and +0.10e. The third Tc atom, which forms a single bond with the carbon cage, carries a smaller charge of +0.09e. Differences in the chemical interaction of these Tc atoms with the carbon host can be clearly seen in Fig. 5͑c͒ .
The total magnetic moment of Tc 4 @C 60 , the heaviest EMF that is stable against decomposition into Tc 4 and C 60 , vanishes due to the efficient Tc-C hybridization, depicted in Fig. 5͑d͒ . The calculated net Hirshfeld charge of +0.35e for the entire Tc 4 is nearly equipartitioned across the Tc atoms, which each carry a charge in the range from +0.08-0.09e.
IV. SUMMARY AND CONCLUSIONS
We have studied the equilibrium structure and magnetic properties of Tc n @C 60 endohedral metalofullerenes using ab initio spin-density-functional theory. Our results indicate that C 60 can endohedrally accommodate Tc n clusters with up to n = 7 atoms, although the encapsulation process becomes increasingly endothermic beyond n = 4. The encapsulation does not change significantly the structure of the enclosed clusters, except for Tc 5 that undergoes a transition from a distorted tetragonal pyramid to a trigonal bipyramid with C s symmetry upon encapsulation. Only an isolated Tc atom is predicted to maintain its net magnetic moment upon encapsulation, whereas the magnetic moment of larger Tc n clusters is reduced upon encapsulation due to an efficient Tc-C hybridization.
Tc n @C m metalofullerenes may contain C m cages larger than the C 60 fullerene, but the experimental identification of such systems is more complex. Whereas the arrangement of pentagons and hexagons satisfying the isolated-pentagon rule ͑IPR͒ is unique in C 60 , higher fullerenes have more than one IPR-compliant isomer. Moreover, the IPR is often violated in metalofullerenes, thus, further increasing the number of viable isomer structures, which provides additional complications for structural characterization. Furthermore, exohedral functionalization of the fullerene surface 53 for optimum radiopharmaceutical and nuclear waste disposal applications is also likely to affect the structural and magnetic properties of these EMFs. More calculations are needed in order to support experimental studies aimed at identifying Tc-containing EMFs with larger or chemically functionalized cages and studying their structure, stability, reactivity, and magnetic properties. 
